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SUMMARY

The results of a cooling investigatlon conducted on an
18~-cylinder, radial, air-cooled engine installed on a dynamometer .
test stand were analyzed to determins the effect of exhaust pressure
on the engine-cooling characteristics. The tests covered a wide
range of engine operating conditlons including exhaust prussures
from 7 to 65 inches of mercury absolute. =

The effect of exhaust nresasure on engine coocling was incorvoratsd

in the NACA englne-cooling corrselation method as e variation in engine

mean effectlive gas temperature with exhaust pressure. The effect aof
exhaust nressure on aversge cylinder-head temperature can be predicted
from the correlation within about 6° F for exhaust pressures ranging
from anproximately 10 to 50 inches of mercury absolute.

Calculations based on the test rosulits indlicate that for opera-
tion at constant powsr, equal to the engine norxmal rated powsr, dt
a fuel-air ratio or 0.085 the head temporature increoases 390 T when
the exhaust pressure is increased from 10 to 50 inches of msrcury
abgolute, For operation at constant inlet-manifold pressure, however,
the effect of mean effective gas temperature 1ls for the most part
counteracted by the effect of reduced power obtained wlth incredse
in exhaust vpressure; for exsmple, for a constant inlet-wanifdld pres-
surs of 30 inches of mercury absolutc at a fuel-alr ratio of 0.085
the hesad-temperaturs increase is only 7° F for an incrsase in exhaust

vyrsasure Irom 10 to 50 inches of mercury absolute. R —

The effect of exhaust pressure on engine cocling is greater at
the lean than the rich mixbures.
INTRODUCTION

The effect of exhaust pressure on the performance and ccoling
characteristica of aircraft englnes is ol Ilmportance bscause of the
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SUMMARY

The resulte of a cooling Investigation conducted on an
18-cylindser, radial, air-cooled engine installed on a dynamometer
tegt stand were analyzed to detexrmine the effect of exhauest pressure
on the engine-~-cooling characteristics. The teats.covered a wide
range oi engine operating conditlons including exhaust prussures
Tfrom 7 to 85 inches of mercury absclute.

The effect of exhaust nwressure on engine cooling was incorporated
in the NACA engine-cooling corrslation method as & variation”in engine
mean erfective gas temperature with exhaust pressure. The effect of
oxhaust nressurs on averege cylinder-head tewperature can be predicted
from the corrslation within about 6° ¥ for exhaust pressures ranging

Trom enproximately 10 to E0 inches of mercury absoluts, :

Calculations bhased on the test results indicate that for onera-
tion at constant power, equal to the engins normal rated power, at
a fuel-alr ratio or 0.085 the head temperaturse incrsasges 390 F when
the exhaust pressures is increased from 10 Lo 50 inches of mercury™
abgolute. For operation at constant inlet-manifold pressurs, however,
the effect of mean elfective gas temperature is for the most part
counteracted by the effect of reduced power obtained with increase
in exhsust vnressure; for exampls, for a constant inlet-manifold pres-
sure of 30 inches of mercury absolute at a fusl-air ratio of 0.0835
the head-temperature increase is only 7° F for an incrsese in exhaust
pregsure fraom 10 to 50 inches of mercury absolute. -

The effect of exhaust pressure on engine cooling is greater at
the lean than the rich mixtures.

 INTRODUCTION

The effect of exhaust vrgssure on the performance and cooling
characteristics of aircraft engines is of importance because of the
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wide altitude reange of general airplane operation and the current
widespread interest in engine-turbine cambinations. Little informa-
tion is available concerning the exhaust-pressure varisble, partic-
ularly regerding its relation to engins cooling.

The effect of exhaust pressure on englne cooling was recognized
by Plnkel in 1938 and included as a possible factor 1n the cooling-
corrslation method developed in reference 1 but no test data were
pregented. The results of the limited invegtigation of reference 2
Indicated that the effect of exhaust pressure on engine cooling is
small; however, becauge sq little data were obtained in thess tests,
the.results are Inconclusive. Although numerous sengine-cooling
investigations have been conducted subsequent to the reporbted results
of references 1l and 2, the teats have been at or near sea-level
exhaugt pressures and permitted no eygtemstic study of the exhaust-
pressure variasble as affecting engine cooling.

An investigetion was conducted at the NaCA Cleveland leboratory
to determine the effect of exhaust prsssure on the performance of an
18-cylinder, redisl, air-cooled engine installed on a dynamomeber
test stand. Data for relating the englne-cooling characteristlcs
with the exhaust-pressure varlable were alsoc obtained. The rssults
.of the analyses of the engine-performance data obialned in these
tests are presented in refersnce 3. The cooling data obtalned are
analyzed heroin by the NACA engine-cooling correlation method to
show ths efféct of exhaust pressure vn engine cooling.

The teost conditions ranged as followg: inlet-maenifold pressure,
30 to 45 inches of mercury absolute; engine gpeed, 1200 to 2400 rpm;
fuel-air ratio, 0.069 to 0.120; exhaust pressure, 7 to 65 inches of
mercury absolute. Low~blower cperation was used in most of the
runs, but a few runs were made in high-blawer operation.

INSTALLATION AND INSTRUMENTATION

Equipment

The invegtigation wes conducted on an R-2800-5, series A, multi-
eylinder engine equipped with a two-speed single-gtage engine super-
charger, which hag an impeller diameter of 11 inches and a gear ratio
of 7.6:1 in low-blowor operation and 9.45:1 in high-blowor cperation.
An Injection-~type carburetor, slightly modified to permit direct
control of the engine fuel flow, was used in the runs. The valve

overlap for the engine is 400, the bore and sgtroke 5% inches br

6 inches, the compreseion ratio 6.65, and the spark setting 25° B.T.C.
The engine is rated as follows:



NACA TN No. 1221 o - .3

T&ke-Off LI ] o s - . & & . e e 3 9 . . . @ . v 1850 bhp a‘t 2600 I‘]_III.

Mexiram continuoup operation:
Low BioWer . . 4+ + v o o o o « o« » o« « « « o 1500 Php at 2400 rpm
Bigh blower . . . o « « ¢ & o « & - . < . 1490 bhp at 2400 rom

The ccuplete installation is adequately described in reference 3;
for convenlence, howsver, a detailsd degoripbion of the parts of the
ingtallation that are cloeely associated with the control and measure-
ment of the basic ongine-cooling variables is presented. A photograph
and sketch of the Installation is preseated in figures 1 and 2 sghowing
the engins rigldly mounted for connection through an extsnsion shaft
to & 2000-norsepovwer eddy-current dynrmometer, the cooling~air box
and engine cowling, and the elbow section of the exhaust-gas ducting.

Cooling alr from the leboratory supply system was delivered to
the top of the cooling-alir box from where it flowed through a ptream-
lined nozzle section to the front face of the engine., The air box
functioned as a largs alr reservoir for providing & uniform cooling-
alr distribution over ths face of the enginse. The engine was cowled
with a cylindrical duct sz ghown in figure 1. The cooiing air after
flowing ecrogs the engine discharged dlrectly into the room. :

The exhaust-gas collector ring, which was the type ussd in the
turbosvpercherger installations on the P-47 airplane, consists of
two helf sectlons, one for eech side of the engine. The two sectione
were Joined at the bottom by a Y-shaped duct that was directly con-
nected to the laborstory altitude-exhaust system. The sxhaust pres-
gure was measured by & gtetlc wall tap located at the cross section
where the Y-shaped duct was bolted to the exhaust-Guct elbow.

The carburetor-air duct (figs. 1 and 2), which supplied charge
alr to the sngine, incorporated a long gtraight constant-area sectlion
of piping so ingtalled directly upstream of the carburetor that sub-
stantially uniform flow conditlons prevalled at the carburetor tov
deck. The engine throttle was kept wide open and the chargs-air flow
vas reguiated by a bubtterfly valve located near the duct entrance.
Charge-air-flow measurements were made with a thin-plate orifice
deglgned and insgtalled in the duct sysbtem In accordance with A.S.M.E.
specifications. The fuel flow was mesasured with a calibrated
rotameter. -

Temperature Measurements

Cylinder temperatures were measured with lron-constantan thermo-
couples at the following locatlons on each cylinder: rear spark~plug
gasket, rear center of dbarrel, and embedded deeply in rear spark-plug
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boss. The gasket thermocouples were mede by silver-soldering the
thermocouple wires intuv-a gmell hole drilled into the tab to the
outer odge of the copper spark-piug gasket. The barrel thermocouples
were peened into the aluminum barrel muffs at the rear between the
two middle barrel fins. As sketched in figure 3, the boss thermo-
couples were ingerted in brass pluges and embedded 30 percent of the
cylinderawall thickness at a point 45/64 inch from the spark-plug
axis and 45° from the bottum of the spark-plug boss toward thse
exhaust port.

Three thermocouples were located in the cooling-air stream
directly in fromt of the engine 120°_apart; aix thermocouples con-
nected in parallel were located in the charge-air stream at the car-
buretor top deck. All temperaturea were read on a sslf-balencing
notentiometer.

Cooling-Air Pressure Measurements

Because of the unusuwally uniform cooling-alr pressure patiterns
exiasting ahead of and behind the engine, & relatively emall number of
tubes were used to meggure the cooling-alr presgsure drop. The
cooling-air total pressure wag measured shead of the cngine with six
ghrouded total-head tubes, two tubes mounted on each of threve rukes
installed directly in front of the engine 120° apart. The outer
tubes of each rake were at the same radial distance as the middls cir-
cunf'erential head fin; the inner tubes wore at the same radial dls-
tance as the mlddle barrel fin.

The cooling-air static pressure behind the cylindsr hsads was
meagured with open-end tubes placed in the baffle curl of the nine
rear-row cylinders at the same radius as the total-head tubeg. These
static tubes were installed in such & position that they recelved
little if any velocity pressure. The gtatic pressure behind the
barrels was measured by three closed-end static tubes, one on each
of three rakes bshind three rear-row cylinder dbarrels 120° apart at
the geme radiasl distance as the barrel total-head tubes.

PROCETURE

Two genersal groups of runs were made: (1) runs in which the
cooling characteristics of the englne were eatablighed for tho sgea-
level exhasust-pressure condition, and (2) runs in which the cooling
characteristice of the engine were obtained with variable exhaust
pressure. '
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The sea-level exhaust pressure data were used to determine the
separate sffscts of charge-air flow, fvel-air ratio, and cooling-air
presgure drop on engine cooling. The effect of exhaust pressure was
determined from the data obtalnsd in a compre¢hensive series of tests
conducted at varigble exhaust pressures for a wide range of inlet-
manifold pressures, englne speeds, and fuel-air ratvios. A complete
list of the operating conditions is given in table L. '

The procedure in the second group of runs was to maintain inlet
manifold pressure, engine speed, and fuel-alr ratio at dsfinite
gpecified values while the exhaugt pregsure was varied in increments
from approximately 7 inches of mercury absolute to 20 inches of mer-
cury above the inlet-monifocld prespure. Sufflcient time was allowed
at each value of exhaust pregsure for the cylinder temperature to
stabilize. For each series of runsg at variable exhauast pressure, the
cooling-alr pressure drop wap adjusted to a value that kept the max-
imum rear-sperk-plvg-geslet temperature at a value between 375° and
425° F when the exhaust prosgsure was approximately 28 inches of mer-
cury abgolute; the ccoling-air pressure drop was then held constant
during the series vhile the exhaust pressure was varied,

CORRELATTION METHOD

One form of the eguation developed in roference 1 for relatling
the wall temperatures of alr-cooled engines with the engine operating
and cooling-alr conditlome la

Ty - Tg wcn

where

Ty cylinder-head temperature, °F : -

Te cooling-air temperature ahead of engine, °F

T8 mean effective gas temperature, °F

W, engine charge-alr flow, pounds per second

c denaity of cooling air ahead of engine relative to standard
sea-level dersity of 0.0765 pound per cubic foot _ B

AD cooling~air pressurs drop across engine, inches of water

K,m,n conshants derived from proper cooling data

Additional asymbols are defined in eppendix A.

e i r— e oo



8 NACA TN No. 1221

The eguation for correlating the cylinder-barrel temperature Ty
is similar to eguation (1) for the cylinder heads. The procedure
involved in using eguatlon (1) to.correlate the engine-cooling data
18 explained in references 4-znd .5 and briefly reviewed in spvendix B,

The primary engine operating conditions (engine speed, inlet-
manifold pressure and temperature, fuel-aslr ratio, exhaust preesurs,
and gpark advance) are not specifically Indicated in egquetion (1).
The effects of engine gpeed.and inlet-manifold pressure on engine
cooling are accounted for in equation (1) through thelr influence on
Wo; the effects of fuel-air ratio, inlet-manifold temperature, and
spark edvance are inoluded primerily through thelr influence on T_.

The effect of exhaust pressure on engine cocling may be included In
equation (1) through its.-effect.on both We and Tg, &as is described
in the following paragraph.

Two disgtinct factorgaffecting engine cooling are involved when
the exhaust pressure is varied. The first factor 1s assoclated with
the change of engine charge-alr flow and its effect on cooling is
directly lncluded in the correlation through the use of W, in equa-

tion (1). The second factor is associated with the change in exhaust-
gas residuals, which affects” both the temperature and composition of
the cylinder charge; its ¢ffTect is Included in the correlation as a
varigtion of T_,. Theoretically, the effect of residuels on T8 is
a function of the ratio of the-exhaust pressure to the inlet-menifold
Pregsure rather than of exhewgt or menifold pressure separately. In
past correlations for cooling data obtained at gea-level exhaust-
pressure- conditions; the effect. of manifold pressure was separatoed
howsver, and incgluded with the effect of cherge-air flow in egua-
tion (15. This procedure was adoptod primerily in the imterest of
gimplicity., In order to be consistent with previous cooling corre-
lations, this same simplification will be adhered to in this analysis,
The effeot of exhaugt pressure on T is therefore troated as an

ipolated effect independent of . inlet-manifold pressure, The scatter
of the-data indlcates theaccuracy of the simplification.

Detailg of the-procedurs.for aenelysis of the data are ag follows:

Cylinder temperatures and cooling-air temperature and pressures. -
The value of cylinder-~head temperature T in cooling-correlation
equation (1) is taken as the average of the temperature indications of
the thermocouples deeply embedded in the rear spark-plug bosses; the
cylinder-barrel temperature T is teken as the average of the temper-
ature indicatlons of the thermocouples peered in the rear middle of—-
the barrels. The averagd of the readings of the three theormocouples
in the cooling-air etream 1s teken as the cooling-air temporaturc¢ shead
of the engine.
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The cooling-air preggure drop oAp across the cylinder heads
is taken eag the difference betwsen the averasge total pressure shead
of end the averegs statlc pressure behind the cylinder heads corrected
to sza-level Genslty conditicns. The cooling~air pregsure drop across
the cyiinder barrels 1ls cbtalned In the game manner using the pres-
gures shead of and behind the barrels. ' ) -

Correlation of see-level exhaust-pressure. cooling data. - The
cooling data obteined In the scea-level exhausb-pressure runs are
reduced to determine the varlastion of Tg go {mean effective ges
temperature corrected to 80° F dry inlet-manifold temperature) with
fuel-air ratioc and the constent X and exponents n and m in the
head and barrel correlation equations. Ths method used in this
cooling-data correlation ig explained in refersnces 4 and 5 and
briefly outlined in appendix B.

Dstermination of exheust-pressure effect on TB' ~ Inasmuch as

in esch varieble exkaust-pressure ceriss of runs the inlet-maanifold
pressurs, fuel-air ratio, engine sieed, and cooling-sir pressurs drop
were kept consbant, the measvred wvariation in engine cooling repre-
seuts the net resu't of two principal factors: (1) the changée in
charge-alr flow with exheust presmzure; and (2) the change in mean
offectlive gas temperature with exhevst pressure. The effect of the
change in charge-air flow on englne cooling is calculated from the
bagic correlation egquation esteblished in appendix B for the cylinder
heads and barrsls frcm the ses-level exhaust-presaure data. The
change in engine cooling caused by the change in mean effective gas
temperature during each sories of runs is thus isclated, which permits
ready calculatlon of the mean effective gas temperature variation with
exheust pressure. In detall, the foregoing procedure is reduced to
the following simple steps:

: Th- 2 n Tb 'Ta n
(1) The head and barrel values of ———e— /W and m—e/ W,
Tg - T/ © Tg - Tp
ere calculeted for the sea-level exhaust-pressure run in each series.
The T, values applicable in thege calculations were obtained through

the use of the Tg 80 relation with fuel~-air ratioc as established for

sea-level exhaust ﬁressure. The convergion between Tg end Tg 80
is described in appendix B. ’

(2) Inasmich as the values of §E~——227/W R and EE———EQ//W n
-Th c TS-Tb c
are coustant In each meries at variéb%e exhauet pressure (because of
constant ©Ap), solution for Tg and thus Ty, go is made fram these
constant celculated values and the meagured tes% values in each run
of the test series of Ty, Ty, Ty, eand W,.
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(3) Two refinements are included in the calculations previously
outlined. The first refinement is a slight correctlon for the small
unavoldeble variatlons in cooling-alr pregsure drop obtained in each
run serles. A second emall correction was made because the sea-level
exhaugt~-presaure run in sach seriles was actuslly made at an exhaust-
pressure value rangling from 29 to 32 Inches of msroury absolute,

Charge-alr flow. - The method for sstimating the charge-alr flow
corresponding to the other engine operating conditions (brakeo horse-
power, speed, fusl-alr ratio, and exhaust- and inlct-manifold
preasures), as required prior t»n application of the cocoling-correlatlion
results, 1s presented 1n appendix C. The applicabllity of this method
is checked in detall in reference 3 from a conmideration of all the
performance data obtained in the runs., Reference 3 ghows that, except
for engine operation at a low exhaust presgsure of 10 Inches of mercury
absolute for engine apeeds of 1200 and 1400 rpm, estimations of charge-
air flow within 2.5 percent can be made by this method.

The variation of brake horsepowsr with exhaust presswre for con-
stant inlet-manifold pregsuroc end other ccnatant engine operating
conditions, which is of importance for use with the aforementioned
method in determining the variation in charge-alr flow with exhaust
pressure, - is discussed in appendix C.

RESULTHS AND DISCUSBION

The results of the Investigation indlcate that the effect of
exhaust pregsure cun engine cooling is Important enough to require
conslderation in engine-cooling correlations and predictions. The
detalls of the results are presgeuted,

Correlation eguation. - The cooling characteristice of the cyl-
inder heads and barrels, as determined from the cooling dats
(appendix B), are convenlently described in figure 4 by a plot on

T, - T T, - T
log-log coordinates of TE_:jfﬂ//%co-ez and @P————EV/WCO'57 againgt
g h g b
the appropriate cAp +values. The resulting correlation eguations may
be expressed from figure 4 as

T o~ 0.62
h 3 C § o
-'IT—:_'ITI.— = 0.44 “—'—6"56, cylinder heads (l-)
8 i (sap)”"
and
Tb - Ta WQO.S? -
T -5 = 0.68 533, cylinder barrels (3)

g b o4p)
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Variation of Tg,so with exhanst pressure. - The results of the

effect of exhaust pressure on engine cooling ars presented in fig-
ure 5 where the mean effective gas temperature Tg,BO Tor the heads

and barrels 1s plotted for each datum point against the corresponding
exhaugt~prasgsurs value. A curve lg drawn through the plctted points
for each of the four fuel-alr ratlos used. The curves are dashed for
exhaust pregsures sbove approrimately 50 inches of mercury asbsolute
to indicate extrapoletion as based on the trends of the curves and

on the limited data for the inlet-manifold pressures of 40 and

45 inches of mercury sbsolute. (Trend exists with inlet-manifold
pressure, as subsequently discussed.)

Except for the exheust pressures of 7 to 10 inches of mercury
gbsolute and above approximately 50 inches of mercury absolute, the
average deviation of the data from the appropriate curve ia about
£20° F for the heads and *15° F for the barrels. These scatters are
roughly equivalent to £6° F and £5° F deviations in aversge rsar-
spark-plug-boss and rear-hiddle-barrel temperatures, respectively.

Cloee examinatlion of the data points In figure 5 reveals that
the gcatter of data does uot occur at random but thaet a trend exists
with inlet-manifold pressurs, particularly in the range of exhaust
sressures above S0 inches of mercury absolute. Tho presence of this
trend indicates that the effect cf inlet-manifold pressure is not
completely accounted for by equation (1).

In addition, at the low exhaust pressures of about 7 to 10 inches
of mercury absolute a trend with engine speed appears. In order to
bring out thils trend in the data, a cross plot of the Tg,so values

for the cylinder heads obtalned at an exhaust pressure of approximately
& inches of mercury shsgolute and at a fuel-air ratlia of C.085 is pre-
sented in figure 6. The cross plot shows an appreciable increase in
Tg)eg with engine gpeed ard in addition, a slight increase with mani-

Told pressure at this exhaust pressurc.

A possible explanation for this speed effect obtained at very
low exhaust pressures may be that sufficient flow of fresh charge
air through the cylinder and cut of the exhaust port takes place at
the low exhaust preassures to affect engine cooling and that the
percenteage of blow-through depends on the engline speed. An indica--
tion of the blow-through and its dependence on engine speed is shown
in figure 7 where the ratio of the specific indicated air consumption
obtained at a given inlet-manifold pressure Py for various exhaust
pressures p, bto that obtained at Py /p = 1 (for which no blow-

through would be expected) is nlmtted against exhaust fressure for
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the various engine speeds and for congtant values of fuel-alr ratio
and manifold pressure. The curves show that-wbhen the exhaust pres-
sure ls reduced from 16 to 8 inches of mercury absolute a sharp
increase in specific indicated air consumption occurs, the magnitude
of which Increases with reduction in engine speed. This blow-througk
may be the result of the inteke-valve motion characterlstics at the
high differentiaels between inlet-manifold and exhaust pressures,
inasmich as an inveastigation on a later mndel engine with ths same
valve coverlap but stronger intake-valve springs did not result in
blow-thraugh. These results show that the speed effect on cooling
obtained at very low exhaust pressures ig associated and consletent
with the change ln percentags blow~through obtained with change in
engine gpeed. It may be expected that this speed effect would be
considerably reduced for englnes with heavier intake-valve springs
and attendant lesser blow-through.

Ags a result of the aforementioned inlet-menifold pressure and
speed trends, the accurscy of prediction of head temperature from
the correlation i1s only about 15° to 20° ¥ for the exhanst pressures -
of 7 to 10 inches of mercury absolute and sbove 50 inches of mercury
abgalute. For exhaust nressures above approximately 10 and helow
approximately 50 inches of mercury absolute, however, predictions
of the variation of head temperature with exhaust pressure can be
mede within about 6° F. Thus the simplification of handling Tg as
a function of exhaust pressure rather than of the ratlo of exhaust
to Inlet-manifold pressure seemsg to be satlefaotory within exhaust-
pregsure limiteg that adequately cover the practical limits of current
englne operation. - : S e

Final Tg go UYelatlons. - A cross plot of the curves of rig-

ure 5 ghows the variation of mean effective gas temperasture Tg &9

with fusl-air ratio at various exhaust pregsures (fig. 8). Pecause
of the relatively poor Tg,so correlation obtained at exhaust pres-

sure above 50 inches of mercury absolute, p go fcurves eare not pre-

sented above this exhaust-pressure value. Although, &s a result of
the previously dilscusesed speed effect, the T ;80 variation carmot

be accurately renregented for exhaust pressures of approximately

10 inches of mercury absolute, the T ,80 curves are alsgo given for
the exlhiaust pressure of 10 inches of mﬂrcurJ abgolute for use in
making approximate solutions. Figure 8 shows that the effect—of
exhaugt pressure on mean effective gas temperature is greater at the
lean than at the rich mixtures.

Importance of exhaust-pressure effect. - In order to illustrate
the necesslty of accounting for tho effect of exhaust pressure in
engine-cooling currelations, all the cooling data obtained in the
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variable exhaust-pressure test series at an absolute manifold pressure
of 34 inches of mercury are correlated first by neglecting the exhaust-
preasure effect and then by correcting for the exhaust-pressurs2 varia-
tions through the uese of the Tg gp curves of figure 8. The correla-

tion results plotted in figure 9 show a vrelatively large spread of
data when the exhaust-pressure effect is not included and indicate an
exhaust-pressure trend large enough to reguire consideration.

Figures 10 to 12 are presented for typlcal gets of engine
operating end cooling-air conditions in order +to illustrate the effect
of exhaust pressure on engine cooling. Figure 10 shows that, for the
agsumed set of conditions, when the exhaust pressure is chenged from
30 inches of mercury ebaslute and the inlet-manifold pressure is
ad Justed to maintain constent charge-air flow (approximately constant
power equal to normael ratel power) the following changss 1n head and
barrel temperatures are obtalned:

Evheugt |Change in head temperature Change in barrsl temperaturs
preaguye | from the value at exhaust from the value at exhaust
{in. Bg |pressure of 30 in. Hg ebsolute|pressure of 30 in. Hg absolute
absolute) (°F) (°F)
Fuel-ailr ratio
0.069 0.085 0.100 0.069 0.085 0,100

10 -22 -13 -7 -9 -5 -1

20 -14 -8 -5 -5 -3 -1

30 . 0 0 o 0 0 0

40 19 12 9 5 4 1

50 43 26 18 14 10 5

When the inlet-manifold pressure is held comgtant during the
change In exhavst pressure, In which case a significant variation in
engine-power output with exhaust pressure is also obtained, howsever,
the head and barrel temperatures vary in the manner shown 1n figure 11
and as shown in the following table:

Exhaust Change in head tempsraturs Change in barrel temperaturs

pressure |from the value at exhasust from the value at exhaust
(in. Hg |pressure of 30 in. Hg absolute |pressure of 30 in. Hg ebsolute
absolute) {°F) (°F)
Fusl-alr ratio -
0.069 0.085 0.100 0.069 0.085 0.100
10 =12 ] 1 -3 1 5
20 -7 -2 0 -1 1 3
30 0 0 0 0 0 8]
40 9 4 0 c ~1 -3
50 iT 4 -4 1 . =3 -7
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The head- and barrel-temperature varilations indlicated in fig-
ure 10 for constant charge-air flow are the regult solely of the
varlation in mean effective gas temperature with sexhaust_pressurs;
whereas In figure 11, which is presented for constant inlet=manifold
nregsure, an additional effect 1s introduced duve to the variation in
charge-air flow with exhaust pressure. Figures 10 and 11 show that’
for opsration at constant inlet-manifold pressure the effect on
engine cooling of the variation in mean effective gas temperature
with exhaust pressure im counteracted to a large extent by the effect
2f the accompanying chenge in chargeo-air flow with exhaugt pressure.
The variation of charge-alr flow (and trake horsepower) with exhaust
pressure for the assumed set of engine conditions is indicated in
figure 11. From thig figure it can be geen that for operation at
constant inlst-manifold pregsure a change in exhaust pressure from
30 to either 10 or 50 inches of mercury absolute doeg not give more
than about 5° F change in head and barrsl temperatureas at- fuel-air
ratiog of 0.085 and 0.100 for the hcads and at fuel~air ratios of
0.069, 0.085, and 0.100 for the barrels. At a fuel-air ratio of
0. 069 the equivalent'change in head temperature is Indicated as
about 150 F. Although figure 10 is presented for an agsumed set of
sngine and cooling-air conditions, the same general results are
indicated for other normal engine conditlone by the test data and
by the correlstion results.

The verlation with exhaust pressurse of the cooling-air pressure
drop required to maintain a congtant aversgs head temperature of
400° F and a constant average barrel temporature of 300° F is shown
in figure 12 for the case in which the charge-alr flow and other
englne and cooling conditions were malntained constant throughout
the exheust-pressure range. The results of figure 12 ave surmerized
in the following teble: . S :

Exhaust |Change ln cooling-air |[Change in cooling-alr
preossure |pressure drop from that|pressure drop from that
(in. Hg |required at an exhaust |required at an exhaust
abgolute)! pressure of 30 in. Hg [pressure of 30 in. Hg
absolute to maintain absolute to maintain
congtant head temper- congtant barrel temper-

ature of 4C0° F .jature of 300° F¥
(in., water) (in. water)
Fuel-alr ratio

0.089 {0,085 {Q.100 0.089 | 0.085 {0.100
10 | -1.9] -1.0| -0.4 -0.4] -0.1] 0
20 “1.2 ] -8 =.3 -2 -110
30 O 0 0 0] o (0]
40 2.0 1.n 4 .3 .o .1
50 4.9 2.3 1.0 .8 .5 .2
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SUMMARY OF RESULTS

The results of a cooling investigation conducted on an
18-cylinder, radial, air-cooled engine lnstalled on a dynsmometer
test stand show that:

1. The effect of exhaust pressure on englne cooling was lmportant
enough to require conslderation in engine-cooling correlations and
predictions.

2. Por the range of inlet-manifold pressures used in the inves-
tigation and for exhaust pressures between approximately 10 and
50 inches of mercury absolute, the exhaust-pressure effect on engine
cooling could be satisfactorily represented (permitted predictions
of head tempersture within about 6° F) in the NACA cooling-correlation
method as the variation of mean effective gas temperature with exhanst
bressurs.

3. Above an exhaust pressure of 50 inches of mercury absolute,
an effect assoclated with inlet-manlifold pressure becams important
and caused discrepancies in the relation between mean effective gas
temperature and exhaust pressure. For exhaust pressures below approx-
imately 10 inches of mercury absolute an effect asgsoclated with engine
speed waes obtained for this engine (having blow-through of charge air
through cylinder) causing excessive scatter of data. As a result of
the inlet-menifold and speed eoffects, predictions of the effect of
exhsust pressure on head temperature were only accurate within about
15° to 20° F for exhaust pressures below approximately 10 and above
approximately S0 inches of mercury absolute,.

4, Calculations based on the teat reaults indilcated that for
operation at constant power, equel to the engine normal rated power,
at a fuel-air ratio of 0.085, the head temperature increased 39° F
when the ezhaust pressurs was Iincreased from 10 to 50 inches of
mercury absolute. For operation at comstant inlet-menifold pressure,
however, the effect of mean effective gas temperature wag for the
moat part counteracted by the effect of reduced power obtained wlth
increased exhaust pressure; for example, for a constant inlet-manifold
preassurs of 30 inches of mercury absolute at a fuel-alr ratio of 0,085
the heald-temperature increase was only 7° F for an increase in sxhaust
pressure from 10 to 50 inches of mercury absolutbs. -
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5. The effect of exhaust pressure on engine cooling was greater
at the lean than the rich mixtures.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio, December 2, 1946.
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APPENDIX A
SYMBOLS
The following symbols and abbreviations ars usei in the )
appendizsa:; R
A congtant egual to engine mechanical friction horsepower
divided by sguare of engine speed _ o
bhp snzine brake horsepower _ _
Cp specific heat of air et constent pressure, 0.24 Btu/lb/oF
e acceleration of grevity at etandard conditions, 52.2 ft/sec
thyp engine indicatsd Lorsepower
J mechenical equivalent of heat, 778 £t-1b/Btu
K,m,n consgtanta derived from proper cooling data
k ratio of supercharger pressure coefficlent to adiabatilc
e’f'iclency, assumed equal to 1
N engine speed, rpm
Pe exhaust pressure, in. Hg absolute
Pn inlet-manifold pressure, in. Hg ebsolute
Ap cooling-alr pressure drop across engine, in, ﬁaﬁer )
Tq cooling-air tempsrature shead of engine, °F
Ty cylinder-barrel temperature, op .
T, charge-eir temperature at carburetor inlet, °F
g mean effective gae temperature, °F
Tg’ g Tmean effective gas temperature corrected to 80° F dry inlet--
manifold temperature,
AT

change in mean effective gas temperature, OF
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cylinder-head temperature, °F.

dry inlet-manifold temperature, O

tip speed of-engine-stage supercharger, ft/sec
engine~digplacement volume, cu It

engine charge-air flow;_lb/sac

total engine fuel consumptlon, 1b/sec
efficlency of superchargser géars

density of cooling air ahead of engine relative to standard
gea-level density of 0,0765 lb/cu ft

L3
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APPENDIX B

CORRELATION OF COOLING DATA AT SEA-LEVEL EXHAUST PRESSURE

'I‘g relations. - The method used to svaluate Tg, walch has

beon successfully applied %o the correlation of numerous cooling data
obtained for a large num‘oer of alr-cooled engines, is outlined ss
Tolliows:

1. On the bagls of previous correlation work, a refserence
Tg 80 valus of 1150° F for the heads and 600° F for the barrels was
Lhosen for a fusl-alr ratic of 0.080, a dry inlet-manifold temperature
of 80° F, an exhaust pressure of 30 1nches of mercury absolute, and
the normal gparX advancs.

2. The variation of Tg,eo with fuel-alr ratic is presented in

figure 13 ag dstermined from the cooling data obtained in a series of
rung In which only the fuel-air ratio was varisd. In this detormina-

e Sl . Tl
tion, the constant i‘""-“fi and =, values for the series
8

(constant becausa of constancy of % a.nd OAp) were calculated
from the valves of Ty, T, =and T obtained in the run at a fuel-

air ratio of 0.080 and the corresponding T, values (1150° F for the

heads and 800° F for the barrels plus the appropris.te correction
ariging from the differonce between the experimentsl and standard
T,, values). Solution for T_ and hence for T g,80 for the ather

m

fuel-air-ratio runs in the series was then made from the conatant
rJ':'h - Ta Tb - Ty -

f=——r>- and ———5— values and the cooling meapuremente in each

Ty - Ty Tp = Ty -
g I 24

run.

3. The correction to Tg, go &applied for T, values other than
tho gtandari value of 80° F is for the cylinder heads

ATg = 0.8 (T, - 80) (4)
and for the cylinder barrels

ATg = O_.S (By - 80) (5)

The dry inlet-manifold temperaturs T, 18 calculated from the car-

buretor inlet-alr tempersture and the theorstical blower temneraturu
rige assuming no fuel vaporizsation.
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2
XU
T, = T, + a7, (8)

This egquation may be conveniently expressed for the engine uged in
this investigatlon as follows:

For low-blower ratio

2
N
T, = T, + 22.1 (iﬁGE) (7)
and for high-blowsr ratio
- 2
N\
T, = Ty + 34.2 (if)b?)‘/ (8)
Exponent on W,. - The determination of the exponent n on
) ™ - T
charge-air flow W, 1s ghown in figure 14 whore plots of ﬁgj:—ﬁi

and ;E—:-gf against W, were mede from the data obteined in a
seriesgqf rung in which the fuel-alr ratio was held constant at
0.080 and only the charge-air flow was varied, The T_ values
used in the calculatlons corrsspond to a fuel-alr ratic of 0.020
and the values of T,. The exponent n on W, 1s glven by tle
slope of the line determined by the plotted pointe in figure 14 as
0.62 for the cylinder heads and 0.57 for the barrels.

Generalized correlatlon results. « The cooling-corralation
regultas are pregented in final form In figure 4 as plotg of

Ih - Ta /. 0.62 Tp - Ta /. 0.57
5;—:7§£y Wé and 5-_:75; 'WG againat cooling-air pressurs

drop o©Ap. The cooling data obtained from all the sea-level exhaust-
pressure runs are included in these plots. The cooling-~correlation
equation representing the correlation line through the plobttuvd velues
in figure 4 ig expressed as follows:

For the cylinder heads

0.62
;Q_:_EE = 0.44 ;EE_—6—§5 (2)
g~ Th (cap)¥-?
and for the cylinder barrels
0.57
Ty - T W
e = 0,68 —2 e (3)
g b (cbp)
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APPENDIX C

ESTIMATION OF CHARGE-ATR FLOW

Charge-air flow is the fundamentel variable in engine coolling,
whereas engine perrformsnce is usually specified in terme of breke
horgepower, speed, Tuel-alr ratio, and inlet-manifold and exhaust
oressures. It ls therefors essential prior to_the application of the
cooling-correlation results. to estimate the oharge-air flow from
the known engine-performance variables. This eatimate can be
obtained from the relation betwcen the charge alr pumped and the
indicated horaspower develoved by an sngline. The assumption
involved in this relation, which has besn satisfactorily verified
Tor current englnes and operating ranges, ls that the charge-alr
flow per indicated engine horsepower is primarily a function ol
fuel-alr ratio. ' '

As pregented in reference 4, the indicated horsepower developed
by an engine ig related to the kndwn engine operating condltions by
the general expression ) o T

2
(W + We) W@ N
ihp = bhp + k(g-) €55 gqs + Vg (pe - pm) 535 * AN_Z _ {s)
where

AN 2 mechanical friction horsepower

2
W. + We) NO
%) ( < 550 2.3} supercharging horsepower

N ' T
va (re - Py) 5z5  Pumping horsepower {intake and exhaust s_tzfokes)

The constant A iIn the friction-horsepower term was determined
ag 32.1 from an emplrical relation baged on data from a large number
of similar engines. As in reference 5, the factorse k and 1n_ in
the supercharging-horsepower term arse equal to 1 and 0,85, resgectively.
The value of U/N is obtalned from the supercharger-impeller dismeter
and gear ratio.

The general expression for indicated horsepower can thus be
roduced for the engine used in the subJect tests to the following
equations: )
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Low=blower retio
ihp = Dhp +L32.l+ 8.84 (WG"'wf):} (]—.(—)—0-(9 - 1.74 (pm-pe) 10006 (10)

High-blower ratio

2
. gl N N
ihp=Dhp + [52.1+ 13.67 (W+ wf)]@)——é-@ -1.7¢ (2p-Pe) To55  (11)

The good correlation o¢f engine-performance date regulting from
the use of the charge-air flow indicated-horsepowsr relation is
illustrated in figuro 15 for typical test conditions covering the
englne operating range of the investigation. The validity and
accuracy of . this relation is more conclusively confirmed in refer-
ence 3 from a consideration of all the performance data obtained.

Inagmuch ag, for the usual engine application, the brake horse-
power is not held constant when the exhaust pressure is changed but
is permitted to vary in the manner obtained by malntalning constant
inlet~-manifold pregsure, the relation describing the variation of
breke horsepower wilth exhaust pressure for constant inlet-manifold
preseure and other congtant engine operating conditions is also
required for use with equations (10} and (1l) end figure 15 to
determine the varlation in charge-alr flow with exhaust preassure.
This relation was determined in reference 3 fram all the performance
data obtained in the tests and, for convenlence of sppliocation fo
the cooling~correlation results, is presented in filgure 16. The
ratio of the engine brake horsepower developed at a given value of
pe/pm to that developed at p,/p, = 1 for constant fuel-air ratlo,
inlet-menifold pressure and temperature, engine speed, and engine-
gtage supercharger gear ratio is presented for the test range of
engine speeds (fig. 16). These curves were found to be applicable
for the test range of fuel-air ratios, inlet-manifold pressures, and
for both high- and low-supercharger gear ratio.

If the change in exhaust pressure la caused by a change in alti-
tude, then, in additlon to the T, correction given by figure 8, a
correctlion mugt be made for the cgange in charge-air temperature . at
the inlet manifold.

; 8w
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TABLE I -~ OPERATING CONDITIONS

1221

Normal engine gpeed
(xpm)

Naminal tNominal inlet~

fuel-air imanifold pressure
raetio (in. Bg ebsolute)

See~level exhaust-pressure test group (basic correlation)

Yaried 0.085 34
2000 .085 Varied
2000 Varled 30
Variable exhaust«pressure test group
(a)
1200, 1400, 1600, 1800, 20CO0 0.C69 30
14CO, 1800, 1800, 2000, 2200, 2400 .085 30
2000, 2200, 2400 +100 30
1400, 1800, 1800, 2000 .089 34
1400, 1800, 1800, 2000, 2200, 2400 .085 34
2000, 2200 . 100 34
1400, 1800, 1800, 2000 .0838 40
1600, 1800, 2000, 22C0, 2400 .085 40
1800, 2000, 2200, 2400 .100 40
1800, 2000, 2200 .085 45
1800, 2000, 2200, 2400 .100 45
1800, 2000 .120 40

&he exhaust pressure for this group was varied in steps fram
approximately 7 inches of mercury abeoluts to'20 inches of

mercury above inlet-manifold preasure.

Natlonal Advigory Committes
Tor Aeronautics

"
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Flgure 15, - Varla'tion of specific indicated air consumption with fuel-air ratio for an 18-

c¢ylinder, radial, air-cooled engine,
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